Structural distortion as prerequisite for superconductivity in LiFeAs 
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The nonadiabatic Heisenberg model predicts a structural distortion in LiFeAs below a temperature 
higher than (or at least equal to) the superconducting transition temperature. Within this group- 
theoretical model, the reduction of the symmetry caused by the distortion is a prerequisite for the 
superconducting state in this compound and can be realized by a mere displacement of the iron 
atoms from their positions in the space group Pi/nmm. 
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I. INTRODUCTION 

LiFeAs becomes superconducting at the "respectable" 
transition temperature T c — 18K without any chemical 
doping 1]. In this way LiFeAs differs remarkably from 
other high-T c FeAs compounds such as LaFeAsO which 
becomes superconducting only on (slight) doping with 
fluorine (or other specific dopants [2|])- As a pure sub- 
stance, however, LaFeAsO undergoes an antiferromag- 
netic spin-ordering transition at ^137K [3-6]. 

The magnetic and superconducting properties of 
LaFeAsO have been analyzed recently on the basis 
of the group-theoretical nonadiabatic Heisenberg model 
(NHM) [3, Q. We reported evidence that both the an- 
tiferromagnetic and the superconducting state are con- 
nected with a magnetic 0, |9| and a superconduct- 
ing [3, [l(| band, respectively, of special symmetry. As 
an important consequence, it is the reduction of the sym- 
metry of LaFeAsO, caused in this case by the doping, 
which activates superconductivity in this compound. 

In the present paper we apply the NHM to LiFeAs and 
show, first, that the magnetic order observed in LaFeAsO 
is not stable in LiFeAs and, second, that in LiFeAs just as 
in LaFeAsO a superconducting state can be stable only 
when the symmetry of the crystal is reduced. In the case 
of LiFeAs, this reduction can be realized by a (small) 
displacement of the Fe atoms. 



in Fig. Q] with the band structure of LaFeAsO (see Fig. 1 
of Ref. [7j or [8j), we find both an important difference 
and analogies: On the one hand, LiFeAs does not possess 
a magnetic band related to the space group Imma as it 
exists in the band structure of LaFeAsO (Sec. III.1|) . On 
the other hand, both materials lack a superconducting 
band in the space group PA/nmm (Sec. 111.21) . 



II. 1. The magnetic order observed in LaFeAsO is 
not stable in LiFeAs 



In stoichiometric LaFeAsO the magnetic band related 
to the space group Imma is evidently responsible for its 
observed [j-Q antiferromagnetic state Q- In the band 
structure of LiFeAs, however, such a magnetic band does 
not exist. The reason is because the Bloch function 
with Z\ symmetry disappears in the band structure of 
LiFeAs. This Z\ state near the Fermi level, however, 
is an indispensable component of the magnetic band in 
LaFeAsO 7]. Hence, the symmetry of the Bloch func- 
tions of LiFeAs near the Fermi level is not compatible 
with the magnetic structure experimentally determined 
in LaFeAsO and, consequently, the magnetic order ob- 
served in LaFeAsO does not develop in LiFeAs. We 
cannot exclude, however, that other magnetic structures 
with other magnetic groups could be stable in distorted 
LiFeAs. 
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II. COMPARISON OF THE BAND 
STRUCTURES OF LiFeAs AND LaFeAsO 

LiFeAs and LaFeAsO possess common properties fa- 
cilitating the comparison of their band structures: both 
compounds possess the space group PA/nmm 0, y|, Ulr - 
[l5| , the Fe atoms have the same positions in the unit cell, 
and the positions of the Li and As atoms in LiFeAs are 
group-theoretically equivalent to the positions of the La 
and As atoms in LaFeAsO. Solely the oxygen atoms are 
absent in LiFeAs. As a consequence, magnetic and su- 
perconducting bands in both compounds have the same 
symmetry as long as they are not related to the oxygen 
atoms. 

Comparing the band structure of LiFeAs as depicted 



II. 2. Absence of a superconducting state in 
undistorted LiFeAs 



Undistorted LaFeAsO lacks a superconducting band 
because the two branches of any superconducting band 
in the space group P4/nmm are degenerated at point M 
and are labeled by two representations T + and T~ differ- 
ent with respect to the inversion [8(. Hence, the run of 
the bands on the lines TX and XM near the Fermi level 
of LaFeAsO and the symmetry of the Bloch functions at 
point r do not allow the construction of a superconduct- 
ing band in LaFeAsO [8] . 

In LiFeAs, the run of the bands on the lines TX and 
XM near the Fermi level is similar to the run of the 



related bands in LaFeAsO. In addition, the Bloch func- 
tions of these bands possess the same symmetry as the 
related Bloch functions in LaFeAsO. As a consequence, 
also in the band structure of LiFeAs we cannot detect 
a superconducting band and, hence, also LiFeAs cannot 
develop a stable superconducting state in the space group 
P4/nmm. 



III. DISTORTED LiFeAs CAN EXHIBIT 
SUPERCONDUCTIVITY 

There is now both a correspondence and an appar- 
ent contradiction between the experimental observations 
and the predictions of the NHM: on the one hand, 
LiFeAs does not develop the magnetic order observed in 
LaFeAsO as it is, in fact, not allowed within the NHM. 
On the other hand, undoped LiFeAs shows superconduc- 
tivity, but theoretically the symmetry of the Bloch func- 
tions in the band structure of LiFeAs does not permit 
a superconducting state in the space group P4/nmm. 
However, this contradiction can be healed by a (small) 
distortion of the crystal structure reducing the symmetry 
of PA/nmm. 

In fact, several distortions of LiFeAs would allow a sta- 
ble superconducting state in the framework of the NHM. 
The chemical analogy of LiFeAs to LaFeAsO, however, 
suggests that also in LiFeAs the symmetry of the system 
is reduced by a (slight) displacement of the Fe atoms as 
it was experimentally observed in LaFeAsO [3]. Indeed, 
the displacement of the Fe atoms as depicted in Fig. [5] (a) 
as well as the displacement depicted in Fig.[5](b) changes 
the symmetry of the Bloch functions in such a way that a 
stable superconducting state becomes possible. The dis- 



placement in Fig. [2] (a) realizes the space group Pmm2 
(25) leaving the translation symmetry unchanged but re- 
ducing the point group D±h of PA/nmm to C% v . The 
displacement depicted in Fig. [5] (b), on the other hand, 
realizes the space group P^/nmc (137) leaving the point 
group unchanged but modifies the translation symme- 
try of the crystal. The superconducting band related to 
Fig-IH(a) wa s already considered in Ref. [8j. The super- 
conducting band related to the displacement depicted in 
Fig. [2] (b) is not published thus far. We shall identify 
it once the displacement in Fig. [2] (b) is experimentally 
confirmed. 



IV. SUMMARY 

We propose that LiFeAs undergoes a structural distor- 
tion below a temperature T s higher than (or at least equal 
to) the superconducting transition temperature T c . The 
distorted system (below T s ) exhibits an interaction be- 
tween the electron spins and crystal-spin- 1 bosons which 
produces below T c stable Cooper pairs Q. Several dis- 
tortions in LiFeAs are conceivable, the experimental ob- 
servations Q on LaFeAsO, however, suggest that also in 
LiFeAs the distortion is realized by a displacement of the 
Fe atoms as depicted in Fig. [2] (a) or (b). 
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FIG. 1. Band structure of tetragonal LiFeAs as calculated by the FHI-aims program 
determined by the authors and defined in Ref 7]. 
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FIG. 2. Proposed unit cells and lattice vectors of two distorted LiFeAs crystals allowing a stable superconducting state. Both 
distortions are produced by a mere displacement of the Fe atoms. For reasons of clarity, only the Fe atoms are shown, a, b = a, 
and c stand for the lengths of the unit cell of tetragonal undistorted LiFeAs (with the space group P4/nmm), and 2\, T2, and 
T3 denote the basic translations of the corresponding Bravais lattice, (a) The displacement is periodic with the lattice vector 
T3 of undistorted LiFeAs and realize the orthorhombic space group Pmm2 (25). The Fe atoms are displaced in ±z direction 
with different amounts in the unit cell, (b) The unit cell of undistorted LiFeAs is doubled in z direction. The Fe atoms still 
are displaced in ±2 direction, where a translation by the lattice vector T3 of undistorted LiFeAs effects an inversion of the 
displacement. This displacement of the Fe atoms realizes the tetragonal space group P&z/nmc (137) possessing the same point 
group Dih as the space group PA/nmm of undistorted LiFeAs. 
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